The xylose isomerase gene from Thermoanaerobacterium saccharolyticum strain B6A-RI was cloned by complementation using Escherichia coli xyl-5 mutant strain HB101. One positive clone was detected and the recombinant plasmid, pZXI6, was isolated. The clone contained the vector pUC18 and an insert fragment of 4.5 kb. The cloned xylose isomerase gene (xylA) was expressed constitutively in E. coli. The gene contained one open reading frame (ORF) of 1317 bp, which corresponds to 439 amino acid residues. The molecular mass of the gene product was calculated to be 50474Da from the deduced amino acid sequence. A putative promoter region (Pribnow box), TATAATATATAAT, which repeated twice at the -10 region in E. coli, was found 25 bp upstream of the ribosomal binding site. The deduced amino acid sequence of T. saccharolyticum strain B6A-RI xylose isomerase exhibited very high homology to those from Thermoanaerobacterium thermosulfrcrigenes 4B (formerly Clostridium thermosulfuvogenes 4B) and Thermoanaerobacter ethanolicus 39E (formerly Clostridium thermohydrosulfuricum 39E). Codon usage in xynA, xynB and xylA showed a clear propensity for AT-containing isocodons. The native molecular mass of the purified recombinant thermostable xylose isomerase was 200 kDa, and the enzyme was a tetramer comprised of identical subunits. The apparent temperature and pH optima for activity of the cloned xylose isomerase were 80 "C and 7.0 to 7.5, respectively.
Introduction
Thermoanaerobacterium saccharolyticum strain B6A-RI is a thermophilic anaerobic bacterium capable of actively degrading xylan. Endoxylanase and P-xylosidase degrade the polymer to D-xylose, which is isomerized to Dxylulose and further catabolized in the cell. The isomerization of D-xylose is catalysed by D-xylose isomerase (EC 5.3.1 .5) which is also used industrially to convert g glucose to D-fructose syrups (Antrim et al., 1979; Bucke, 1980) .
In Bacillus subtilis, the enzymes encoded by the xylose regulon consist of genes for xylan and xylose utilization,
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which cooperate in the utilization of hemicelluloses (Hastup, 1988) . These genes are negatively regulated by the repressor (xylR) and are induced by xylose (Kreuzer et al., 1989) . In T. saccharolyticurn strain B6A-RI, the endoxylanase and P-xylosidase activities were induced during growth on xylan and xylose. The synthesis of xylose isomerase from T . saccharolyticum was also induced by either xylose or xylan (Y.-E. Lee, S. E. Lowe & J. G. Zeikus, unpublished data).
There is increasing interest in enzymes which are thermostable and active at high temperatures, and for this reason, thermophiles have received greater attention recently. Xylose isomerase has been purified and characterized from Therrnoanaerobacteriurn saccharolyticum strain B6A (formerly Thermoanaerobacter strain B6A) (Lee & Zeikus, 1991) and cloned from Thermoanaerobacterium thermosulfurigenes 4B (formerly Clostridiurn thermosulfurogenes 4B) into E. coli and B. subtilis (Lee et al., 1990) . To date, there are no data regarding the genetic organization of the xylose isomerase (xyl) genes in T. saccharolyticum strain B6A-RI. We have isolated genes encoding endoxylanase (xynA) and P-xylosidase (xynB) from the genomic library of T. saccharolyticum strain B6A-RI, which were found to be organized in a Y.-E. Lee, M . V . Ramesh and J . G . Zeikus cluster on the chromosome (Lee, 1992) . In this report, we describe the cloning, sequencing of the xylA gene from T. saccharolyticum strain B6A-RI and discuss its relationships to endoxylanase and fi-xylosidase.
Methods
Bacterial strains andplasmids. T. saccharolyticum strain B6A-RI (Lee et a/., 1993) was used as the source of the xylose isomerase gene. E. coli xyl-mutant strain HBlOl (F-mcrB mrr hsdS20 J recAl3 supE44 aral4 galK2 lacy1 proA2 rpsL2O[Sml xy15 1-leu mtll) (Bachmann, 1972) was used as the host strain for cloning by complementation. Plasmid pUC18 was used as the cloning vector.
Chemicals, media and growth conditions. All chemicals were of analytical reagent grade and were of the highest purity available. T. saccharolyticum strain B6A-RI was grown under anaerobic conditions at 60 "C in TYE medium (Zeikus et al., 1980) containing 0.5 YO xylose as a carbon source. For growth of E. coli strains, Luria broth (10 g tryptone, 5 g yeast extract, and 5 g NaCl per litre) was used for liquid culture, and solid medium contained 1.5% (w/v) agar (Difco). Ampicillin (50 pg ml-') was supplemented for the selection of transformants. MacConkey agar (Difco) plates containing 1 YO (w/v) xylose were used to detect xylose isomerase positive clones.
DNA preparation and cloning procedure. Chromosomal DNA of T. saccharolyticum strain B6A-RI was isolated by a modification of the method of Marmur (1961) . Plasmid DNA was purified in large scale by the procedure described by Clewell (1972) , followed by centrifugation in a caesium chloridefethidium bromide density gradient. The alkaline denaturation method of Birnboim & Doly (1979) was used for rapid extraction of plasmid DNA.
Chromosomal DNA from T. saccharolyticum strain B6A-RI was partially digested with restriction endonuclease AccI and 4-10 kbp DNA fragments were isolated from an agarose gel by electroelution, using the elutrap (Schleicher & Schuell). Plasmid vector pUC18 was completely digested with AccI and dephosphorylated with calf intestinal alkaline phosphatase. Ligation was performed by the procedure of Sambrook et al. (1989) and transformed into E. coli HBlOl competent cells prepared by the Hanahan method as described by Perbal (1988) . Transformants were selected on MacConkey agar plates supplemented with 1 O h (w/v) xylose and ampicillin.
Sequence determination of the xylA gene. The recombinant plasmid was denatured by the method of Zhang et al. (1988) , and the nucleotide sequence was determined by the dideoxy chain termination method (Sanger et al., 1977) , using a Sequenase version 2.0 kit (United States Biochemical). The sequence information was analysed using the GENEPRO software package (Hoefer Scientific Instruments) and the University of Wisconsin Genetics Computer Group GCG package (Devereux et al., 1984) .
Enzyme assay. Cell extracts prepared by sonication and purified preparations were used as enzyme sources, and glucose isomerase and xylose isomerase activities were measured as described by Lee et al. (I 990 b) .
Pur$cation of xylose isomerase. Xylose isomerase was purified from a 1 litre overnight culture of E. coli (pZXI6) cells as described by Lee et al. (1990b) .
Protein determination and SDS-PAGE. Protein was measured by the method of Bradford (1976) using the Bio-Rad protein reagent and BSA (Sigma) as the standard. Enzyme fractions were analysed by SDS-PAGE in 12% (w/v) polyacrylamide gels in a Mini-PROTEAN I1 system (Bio-Rad). Protein bands were visualized by Coomassie brilliant blue staining.
N-terminal amino acid sequence determination of xylose isomerase.
The protein was prepared and analysed as described previously (Lee et al., 1990b) .
Results

Cloning of the xylose isomerase gene
The xylose isomerase gene from T. saccharolyticum strain B6A-RI was cloned by complementation using E. coli xyl-5 mutant strain HB 10 1. Transformants were screened on MacConkey agar plates supplemented with 1 YO (w/v) xylose and ampicillin. One positive clone which gave a red colour on this plate was detected and the recombinant plasmid, pZXI6, was isolated. The clone contained vector pUC18 and an insert fragment of 4.5 kb (Fig. 1 ). The orientation of the fragment of T. saccharolyticum strain B6A-RI chromosomal DNA in the vector did not affect the level of xylose isomerase activity (data not shown), suggesting that the cloned xylA gene from T. saccharolyticum strain B6A-RI was expressed in E. coli by its own promoter. In T. saccharolyticum strain B6A-RI, xylose isomerase activity was induced by D-xylose, whereas in E. coli the cloned xylA was expressed constitutively and addition of D-xylose to the medium did not increase production (data not shown),
Nucleotide sequence of the xylA gene
The nucleotide sequence and deduced amino acid sequences are shown in Fig. 2 . The computer analysis of the nucleotides sequenced revealed one ORF of 13 17 bp, which corresponds to 439 amino acid residues. This was confirmed as the correct reading frame for the T. saccharolyticum strain B6A-RI xylA gene by comparison of the N-terminal amino acid sequence (underlined in Fig. Z) , with that determined for the cloned xylose isomerase purified from E. coli (pZXI6).
The ATG initiation codon is preceded, with a spacing of 7 bp, by a putative ribosomal binding sequence AAGGAGG which is complementary to the 3' end of The underlined region denotes the correct reading frame for the T. saccharolyticum strain B6A-RI xylA gene by comparison of the Nterminal amino acid sequence determined from the xylose isomerase purified from T. saccharolyticum strain B6A (formerly Thermoanaerohacter strain B6A) (Lee & Zeikus, 199 1). both the E. coli and B. subtilis 16s ribosomal RNAs TATAATATATAAT, which repeated twice at the -10 ( McLaughlin et al., 1981; Stormo et al., 1982) . A region in E. coli, was found 25 bp upstream of the putative -10 promoter region (Pribnow box), ribosomal binding site. 
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Comparison of amino acid sequences
The deduced amino acid sequence of xylose isomerase from T. saccharolyticurn strain B6A-RI was compared to those of T . thermosulfurigenes 4B (Lee et al., 1990b) , Thermoanaerobacter ethanolicus 39E (formerly Clostridium thermohydrosulfuricum 39E) (Dekker et al., 1991b) , E. coli (Schellenberg et al., 1984) , B. subtilis (Wilhelm & Hollenberg, 1985) , Streptomyces violaceoniger (Drocourt et al., 1988) , Streptomyces rubiginosus (Wong et al., 1991) and Thermus thermophilus and the results are shown in Table 1 The length of the polypeptide chain encoded by the xylA gene in T. saccharolyticum strain BGA-RI was identical to that of T. thermosulfurigenes 4B (439 amino acid residues) and was similar to those of Thermoanaerobacter ethanolicus 39E (438 residues), and E. coli and B. subtilis (440 residues), whereas the enzymes from S. violaceoniger, Ampullariella and Arthrobacter have polypeptides which are shorter by 47 residues at the N-terminal. The deduced amino acid sequence of T. saccharolyticurn B6A-RI xylose isomerase exhibits very high homology to those from T. thermosulfurigenes 4B
and Thermoanaerobacter ethanolicus 39E (98 YO and 89 YO identity, respectively) and their sequence alignment is shown in Fig. 3 .
Codon usage in xynA, xynB and xylA Table 2 summarizes codon usage in the three genes from T. saccharolyticum strain B6A-RI which are involved in xylan degradation. xynA and xynB were closely linked on a chromosome of T. saccharolyticum strain BGA-RI (Lee, 1992) . Average codon usage for E. coli (AllfSteinberger, 1984 ) is included for comparison. The patterns of codon usage among the three genes were very similar to each other. There is a clear propensity toward AT-containing isocodons, and this probably results from the low G + C content (36 mol%) of this organism.
Biochemical characterization of cloned xylose isomerase
The thermostable T. saccharolyticurn strain B6A-RI xylose isomerase expressed in E. coli was purified to homogeneity (Fig. 4) . Heat treatment of cell extracts at 85 "C for 15 min was a very efficient purification step for the enzyme from E. coli, as approximately 90 YO of E. coli proteins could be removed by this procedure. After heat treatment, the purification yield increased 1 %fold. After additional purification by anion-exchange chromatography and gel filtration, preparations of homogeneous recombinant xylose isomerase were obtained and their purity was demonstrated by SDS-PAGE (Fig. 4) . The purified enzyme consisted of one type of subunit with a molecular mass of 50 kDa. The molecular mass of the purified recombinant enzyme was 200 kDa, indicating that the enzyme is a tetramer composed of identical subunits.
The apparent temperature and pH optima for activity of the cloned xylose isomerase were 80 "C and 7.0 to 7.5, respectively. The enzyme was stable at 80 "C for 60 min, and 0.5 mM-Co2+ and 5 mM-Mg2+ were required for optimum enzyme activity and thermostability.
Discussion
Xylose isomerase is an important industrial enzyme (Antrim et al., 1979; Bucke, 1980) because of its ability to catalyse the conversion of glucose to fructose. Xylose isomerases from thermophilic bacteria have high temperature optima and are thermostable, indicating their potential use for the commercial conversion of starch to high-fructose corn syrup at high temperature with increased fructose yield.
Xylose isomerases have been isolated and studied from many micro-organisms. xyl genes from E. coli (Schellenberg et al., 1984) , B. subtilis (Wilhelm & Hollenberg, 1984 ,1985 , Thermus thermophilus , S. violaceoniger (Marcel et al., 1987) , Thermoanaerobacter ethanolicus 39E (Dekker et al., 1991b) and T. thermosulfurigenes 4B (Lee et al., 1990b) have been cloned and sequenced. Comparison of the primary structure of xylose isomerases from three thermophilic anaerobic bacteria, T. saccharolyticum strain B6A-RI, T. thermosulfurigenes 4B and Thermoanaerobacter ethanolicus 39E, indicate extensive similarities between the enzymes from these organisms. Because these strains have evolved in thermal hotsprings in Yellowstone National Park (Lee et al., 1993; Schink & Zeikus, 1983) these organisms might have a common phylogenic origin with conservation of xylose isomerase, or alternatively, gene transfer might have occurred between them.
In several bacteria in which the genetic organization of the xyl genes has been examined, the xylose isomerase and xylulose kinase genes were found to be part of one operon (Ghangas & Wilson, 1984; Lawlis et al., 1984; Wilhelm & Hollenberg, 1984) . Another ORF with the same transcriptional orientation was found downstream of xylA from the cloned DNA fragment from T . saccharolyticum strain B6A-RI (data not shown) and this may be a xylulose kinase gene (xylB).
The predicted molecular mass of 50 474 Da, calculated from the deduced amino acid sequence, is in good agreement with the subunit molecular mass of 50 kDa reported for xylose isomerase purified from T. saccharolyticum strain B6A (formerly Thermoanaerobacter strain B6A) (Lee & Zeikus, 1991) . The recombinant protein was purified to homogeneity and its physical and biochemical properties were determined. The molecular mass of the purified recombinant xylose isomerase was 200 kDa, indicating that the enzyme is a tetramer composed of identical subunits, and both enzymes had the same N-terminal sequence. This result is similar to that for the native xylose isomerase from T. saccharolyticum strain B6A (Lee & Zeikus, 1991) , and the two xylose isomerases also displayed identical pH and temperature optima, thermostability, and metal ion requirements.
The base composition of the coding region of xylA is 39.7 mol% G + C, a value that is close to the G + C content (36 mol%) of this organism (Lee et al., 1993) .
The low G + C content of T. saccharolyticum strain B6A-RI xylA results in an extremely biased usage of the bases, A or T, which were present in the third position of all dominant codons examined in this organism.
The high thermostability of T. saccharolyticum strain B6A-RI xylose isomerase made it possible to use heat treatment as a very efficient step in purifying the cloned enzyme produced in the mesophilic host E. coli. The presence of metal ions (Mg2+ and Co") and a high protein concentration in cell extracts were essential for optimal recovery of the enzyme during heat treatment. The thermostable xylose isomerase produced by the recombinant plasmid pZXI6 was one of the most abundant proteins in E. coli.
The catalytic mechanism for xylose isomerase was originally believed to involve histidine-directed general base catalysis (Rose et al., 1969) . Lee et al. (1990b) identified the active site histidine residues of xylose isomerase from T. thermosulfurigenes 4B by site-directed mutagenesis, and found that His'" was the only essential histidine residue involved directly in catalysis. The ratelimiting step in the isomerization reaction was found to be hydrogen transfer and not substrate ring opening.
At present, the molecular mechanism underlying the high thermophilicity (i.e., temperature optimum for activity at 80 "C and thermostability at 85 "C) of this enzyme is not clear. This problem could be addressed through the use of nested deletion mutants to identify gene regions which are responsible for activity and thermostability .
